Hepatitis B virus (HBV) is a major human pathogen. In addition to its importance in human health, there is growing interest in adapting HBV and other viruses for drug delivery and other nanotechnological applications. In both contexts, precise biophysical characterization of these large macromolecular particles is fundamental. HBV capsids are unusual in that they exhibit two distinct icosahedral geometries, nominally composed of 90 and 120 dimers with masses of Ϸ3 and Ϸ4 MDa, respectively. Here, a mass spectrometric approach was used to determine the masses of both capsids to within 0.1%. It follows that both lattices are complete, consisting of exactly 180 and 240 subunits. Nanoindentation experiments by atomic-force microscopy indicate that both capsids have similar stabilities. The data yielded a Young's modulus of Ϸ0.4 GPa. This experimental approach, anchored on very precise and accurate mass measurements, appears to hold considerable potential for elucidating the assembly of viruses and other macromolecular particles.
H
epatitis B virus (HBV) is a major cause of liver disease in humans (1) , with Ͼ350 million people suffering from chronic infection. For the development of new antiviral drugs, further insight into the replication cycle and assembly pathway of the virus is needed (2) . Moreover, there is a growing interest in HBV and other viral particles as vehicles for drug delivery and as platforms for nanoparticle technology (3) . In this context, precise biophysical characterization of these particles represents essential basic information.
HBV has an enveloped virion. Single-stranded viral RNA is packaged into the assembling capsid and, within this compartment, is reverse-transcribed into DNA (4, 5) . The DNAcontaining nucleocapsid then proceeds to envelopment. Both in vivo and in vitro, the capsid protein (cp) forms icosahedral capsids of two sizes, corresponding to triangulation numbers of T ϭ 3 and T ϭ 4 (6), nominally consisting of 180 and 240 subunits, respectively (7) (8) (9) (10) . Cp has a 140-residue N-terminal core domain connected to a 34-residue ''protamine domain'' by a 10-residue linker (11) . The protamine domain binds RNA, whereas the core domain is necessary and sufficient for capsid assembly. The ratio of T ϭ 3 to T ϭ 4 capsids produced depends on the length of the linker and the conditions of assembly: The smaller T ϭ 3 capsid becomes progressively more abundant as the linker is shortened (12) . The building-block for capsid formation is a dimer stabilized via an intermolecular four-helix bundle (13) (14) (15) and a disulfide bond within the bundle (Cys61). However, dimerization and assembly also occur in the absence of the disulfide, e.g., when Cys61 is replaced with Ala (10, 12) . The capsid has protruding spikes at the dimer interfaces that display most of the antigenic epitopes and holes at the symmetry axes that allow infusion of nucleotides for reverse transcription (7, 15) . Although HBV capsid structure has been closely characterized by cryo-electron microscopy (EM) and x-ray crystallography (5), its biophysical properties and the assembly process are less well understood (16, 17) . Here, we present biophysical data from macromolecular (tandem) mass spectrometry (18, 19) and atomic-force microscopy (AFM) that illuminate the molecular compositions and physical stability of HBV capsids. This analysis illustrates the potential of emerging biophysical methods and particularly that of very precise and accurate mass measurements in the megadalton range, to cast new light on longstanding questions in macromolecular assembly and assembly products in nanotechnology.
Results
Mass Spectrometry of the T ‫؍‬ 3 and T ‫؍‬ 4 Capsids. Impressive progress in mass spectrometry has enabled the measurement of accurate masses of intact macromolecules, contributing unique insights into their compositions, structures, topologies, and stabilities. This approach has been applied to complexes as large as transcriptosomes (20) and ribosomes (21) . In macromolecular mass spectrometry, electrospray ionization (ESI) is used to generate multiple charged ions of a protein or protein complex, typically yielding ion signals with an approximately Gaussianshaped charge-state distribution. With sufficient mass resolution, the charge and thus the mass of the analyte can be determined exactly from adjacent peaks in the spectra.
Viruses and capsids have been subjected to ESI mass spectrometry (22, 23) . However, accurate masses could not be determined, because of insufficient mass resolution. Equipped with recent advances in technology (19, 24, 25) , we set out to analyze in vitro-assembled HBV capsids, considered as otherwise well characterized test particles in the multimegadalton range. We analyzed the capsids of two cp149 variants (the cp149 construct consists of the core domain plus a nearly complete linker-see above); 3 C3 A , a cysteine-free mutant of cp149; and 61 C , a single cysteine-containing mutant (cys 61 is involved in the intradimer disulfide bridge). The preparations contained Ϸ70% of the larger (T ϭ 4) capsids and 30% of the smaller T ϭ 3 capsids and essentially no visible contaminants, as determined by elec-tron microscopy (Fig. 1A) . In our experiments to measure the capsids' molecular mass, spectra of unprecedentedly high mass resolution, with clearly separated charge states, were obtained ( Fig. 1 B and C) . Both constructs showed a similar pattern, with two well resolved sets of ion signals around mass-to-charge ratios (m/z) of 22,000 and 25,000. These spectra yielded masses of 3,004 Ϯ 3 kDa and 4,006 Ϯ 3 kDa for the 3 C3 A T ϭ 3 and T ϭ 4 capsids, respectively; and 3,012 Ϯ 3 kDa and 4,014 Ϯ 5 kDa for the 61 C T ϭ 3 and T ϭ 4 capsids, respectively. These measurements are in very close agreement with the expected masses of capsids composed of 90 and 120 dimers (3,001 and 4,002 kDa for 3 C3 A and 3,007 and 4,009 kDa for 61 C ). No particles with fewer or more than 90 or 120 dimers were detected [see also supporting information (SI) Table S1 ].
We also analyzed cp183 capsids that have the full-length capsid protein. Upon expression and assembly in Escherichia coli, cp183 unspecifically packages small RNAs from the host (10) . Although these particles were also highly purified, high resolution was not achieved in their spectra (e.g., Fig. 2 ), which we attribute to mass heterogeneity arising from the RNA contents. This outcome precluded exact mass measurements. However, from the appearance of the mass spectra of the cp149 capsids (Fig. 1) , and assuming a somewhat simplified linear relationship between m/z and mass, we estimated masses between 5,000 and 6,500 kDa for the cp183 capsids. These numbers are in good agreement with mass measurements by scanning transmission electron microscopy (STEM), which yielded average values of 4,900 kDa for T ϭ 3 cp183 capsids and 6,600 kDa for T ϭ 4 (10).
To further investigate the stoichiometry and stability of HBV capsids, we used macromolecular tandem mass spectrometry (18, 19, 25) . In this technique, a precursor ion is mass-selected in the first mass analyzer whereupon, in the adjacent collision cell, an additional accelerating voltage collisionally activates the selected precursor ions, inducing their dissociation. In general, in tandem mass spectrometry of protein complexes, single highly charged subunits are ejected from the precursor ions, with the concomitant formation of relatively lower charged countercomplexes. The masses and charges of the fragments should add up to the mass and charge of the precursor (18, 26) . Fig. 3 A and B show typical tandem mass spectra for the T ϭ 3 3 C3 A and 61 C capsids, respectively. The T ϭ 3 and T ϭ 4 3 C3 A capsid ions were found to fragment via the ejection of cp monomers ( Fig. 3A) , even though the capsid proteins are known to be non-covalent dimers in the particles and in solution. In contrast, 61 C capsids fragment via the loss of dimers (Fig. 3B ), presumably because of the covalent disulfide bond. On measuring the energy-resolved fragmentation behavior of the capsids by tandem mass spectrometry, we found that ejection of dimers from 61 C capsids required higher collision voltages, compared with the loss of cp monomers from 3 C3 A capsids. However, the RNA-containing cp183 capsids could not be dissociated in tandem mass spectrometry ( Fig. 2) , probably because of multiple interdimer disulfide bridges and RNA-protein interactions (10) .
Physical Stability of the T ‫؍‬ 3 and T ‫؍‬ 4 capsids. To date, little is known about the relative stability of the two capsids, in part because they have similar sizes and surface properties, making them hard to separate. However, the proposition that closer Table S1 .
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3 MDa~ 5 -6.5 MDa Cp183 incorporates small RNAs upon assembly in E. coli (10) . The amount of RNA per particle is variable, giving rise to heterogeneity in masses so that the resulting mass spectra are not well resolved. They are, nevertheless, highly reproducible, exhibiting a broad maximum at Ϸ1m/z 32,000 and a small shoulder on the high-m/z side. The absence of resolved charge states precludes a mass assignment. Furthermore, no fragmentation products (that could hint at the capsid masses) were observed, even at the highest applicable accelerating voltage (200 V). However, we were able to estimate that the masses are between Ϸ5,000 and 6,500 kDa (see Results). The mass spectrum of cp149 61 C is given in the back for comparison.
proximity of adjacent pentamers in polyhedral capsids is associated with reduced stability (27) raised the possibility that the T ϭ 3 capsid may be less stable than T ϭ 4. To investigate the mechanical properties of HBV capsids in solution, we used AFM to perform nanoindentation experiments on 3 C3 A capsids (28, 29) . The size difference between T ϭ 3 and T ϭ 4 (Ϸ15%) is readily detectable in height (above substrate) measurements made by AFM (Fig. 4A) . After imaging, the capsids were indented with the AFM tip to determine the particle spring constant. Thin-shell theory combined with finite-element modeling has shown that, for particles similar in size to HBV capsids, the Young's modulus E may be calculated from the spring constant and the particle dimensions (29) (30) (31) . This analysis yielded E ϭ 0.37 Ϯ 0.02 GPa (SEM, n ϭ 55) and E ϭ 0.36 Ϯ 0.03 GPa (n ϭ 46) for the T ϭ 3 and T ϭ 4 particles, respectively. These values, essentially the same, are comparable to the E-moduli of soft plastics such as PTFE (Teflon). Additionally, these experiments showed that irreversible deformation occurs above an indentation force of 0.98 Ϯ 0.06 nN (SEM, n ϭ 64), with no significant difference between T ϭ 3 and T ϭ 4 capsids. To test whether subunits can be removed, the capsids were subjected to a sequence of small indentations. Even after 35 indentations, their stiffness was unchanged; hence, it can be concluded that no subunits were removed. Furthermore, no significant decrease in height was observed after 35 indentations. Error bars show the standard deviation.
for the dislodging of subunits, we performed series of small consecutive indentations (force Ͻ0.8 nN) on both capsids (Fig. 4 B  and C) . Such treatments have been shown to result in small fractures in and/or capsid protein removal from other capsids (28) . However, no irreversible damage could be induced in either capsid (n ϭ 11). By all these criteria, therefore, the mechanical properties of T ϭ 3 and T ϭ 4 capsids are indistinguishable.
Discussion
The majority of fundamental biological processes are performed not by individual macromolecules but by large assemblies whose masses run into the multimegadalton range. The present results demonstrate that very precise and accurate measurements may be performed by mass spectrometry for particles of up to 4 MDa, at least. The high resolution achieved in the mass spectra reflects, in part, optimization of experimental factors in instrumentation and sample preparation. In the modified Q-ToF instrument (24), the pressure conditions in the different chambers have been adjusted to improve the desolvation of the ions in the ESI process and to improve transmission of these largemass ions through the spectrometer (19, 32, 33) . However, even with these modifications, the peak width and thus the mass resolution are largely determined by the homogeneity and purity of the sample. In this study, sample homogeneity was checked by collision-induced dissociation, which revealed no detectable heterogeneity other than the expected dimorphism. Issues of homogeneity become more important as the stoichiometry of a macromolecular complex increases. As pointed out by Benesch et al. (34) , the probability of an oligomer being composed entirely of pure monomer [P O ] depends on the monomer purity [P M ] according to:
. For a capsid of 240 subunits with a monomeric purity of 99%, the intact capsid purity would drop to Ͻ9% (with a monomer purity of 99.9%, this would be 79%). The tendency of many biological assemblies to be naturally heterogeneous because of posttranslational modifications or binding diverse cofactors (e.g., regulatory proteins, RNA, lipids) may broaden the ion signals in their mass spectra as was observed for the cp183 capsids. With the HBV cp149 capsids, the homogeneity of the cp monomers combined with the bidispersity of their assembly products facilitated analysis at high-mass resolution.
HBV Capsids Are Complete. In the assembly of a polymeric particle of predefined size, one may distinguish three stages: initiation, elongation, and completion. Of these, completion has been little studied because, experimentally, it is relatively inaccessible. Nevertheless, it has been discussed in the context of kinetic trapping in reversible and irreversible assembly pathways based on multiple weak interactions (35) . Moreover, an extreme case of noncompletion has been documented in the in vitro reassembly of bacteriophage HK97 procapsids (which are T ϭ 7 icosahedral particles) with a specific point mutation in the capsid protein: in this reaction, completion never takes place, and the capsids' vertices remain vacant (36, 37) .
For in vitro assembly of capsids from HBV core-domain dimers, kinetic and other data indicate that the initiation complex is a trimer of dimers (38) . [Initiation in vivo is a more complicated process (5)]. Elongation involves the addition of dimers, but completion has not been addressed. In principle, insertion of the last dimer into an assembling lattice faces a steric challenge with low tolerances, raising the question of whether such insertion actually takes place or is kinetically prohibited. If HBV capsids were to have vacancies at one or a few sites, they would not be detected in either x-ray crystallography or cryo-EM reconstructions on account of being implicitly averaged with occupied sites. Mass measurements of capsids by STEM yielded values that were consistent with the 90-and 120-dimer scenario (10) but unable to rule out the possibility of one or a few missing dimers. The present analysis settles this question.
Future Prospects. The capability to perform very precise mass measurements makes it possible to determine the exact molecular stoichiometries of complexes in this size range (0.1% uncertainty in the mass of a 4-MDa particle is generally less than a single protein subunit). The prospect of characterizing other viruses and macromolecular assemblies-both native and synthetic-with this exactitude opens up a new horizon in biomolecular analysis. For example, in the context of HBV assembly, mass analyses of capsids assembled from subunits of different sizes (e.g., with C-terminal appendages) should yield information about assembly intermediates; incubation of homomeric capsids with dimer pools of subunits with different masses should allow rates of exchange (''breathing'') to be measured; and time-resolved monitoring of assembly process may also reveal stable intermediates. Similarly, capsids' contents of minor proteins that may be present in only a few copies per virion but are nevertheless of functional importance may now be quantitated with confidence.
Materials and Methods
Proteins. The cp149 3 C3 A and cp149 61 C capsids used for mass spectrometry were prepared as described (12) . Cp183 capsids were purified without dissociation (10), as were the cp149 3 C3 A capsids used for AFM.
EM. Negative-staining EM was performed as described (11) . These micrographs were used to determine the T ϭ 4 to T ϭ 3 ratio. Cryo-EM was performed as described (10) by N. Cheng.
Mass Spectrometry. High-resolution and tandem mass spectra were recorded on a modified Q-ToF 1 instrument (Waters) (24) in positive-ion mode. Xenon was used as collision gas to increase transmission of HBV capsids (25) . The voltages and pressures were optimized for large noncovalent protein complexes (39) . Briefly, the capillary and cone voltages were kept at 1,350 and 150 V, respectively. The collision or accelerating voltage was varied from 10 to 200 V, whereas the Xenon pressure was 1.5 ϫ 10 Ϫ2 mbar. The pressure in the source region was increased to Ϸ10 mbar. Capsids assembled from cp149 3 C3 A , cp149 61 C , and cp183 were introduced to the mass spectrometer at 6 -8 M monomer concentrations in 200 mM ammonium acetate (pH 6.8). Masses were determined and averaged from all detected peaks in a charge-state distribution. Mass assignments of at least three independent measurements were averaged again, and their standard deviation is given. The determination of the mass error from the peak width leads to similar uncertainties, whereas the error within a mass assignment is lower. The performance of the instrument was tested with CsI and a calibration was applied where necessary. Capillaries for ESI were prepared in-house from borosilicate glass tubes of 1.2 mm o.d. and 0.68 mm i.d. with filament (World Precision Instruments), by using a P-97 micropipette puller (Sutter Instruments), and gold-coated by using a Scancoat six Pirani 501 sputter coater (Edwards Laboratories). Capillary tips were opened on the sample cone of the instrument.
AFM. AFM experiments were conducted in liquid with a Nanotec Electronica instrument in jumping mode (40) , by using rectangular gold-coated cantilevers (Olympus) with a tip apex nominal value of Ͻ20 nm. The cantilevers, calibrated by the method of Sader et al. (41) , had a spring constant of 0.52 Ϯ 0.002 (SD) N/m. Coverslips were cleaned by immersion in an 86% (vol/vol) ethanol solution saturated with KOH for 14 h and subsequently rinsed thoroughly with deionized water. After drying, they were rendered hydrophobic by placing them in a sealed container under a saturated Hexamethyldisilazane (Fluka) vapor pressure for 14 h (28). Imaging was performed at room temperature. A droplet of capsid suspension at 4.2 M monomer concentration in 50 mM Tris at pH 7.5 was incubated for 20 min on a hydrophobic glass coverslip before starting the measurements.
The Young's modulus calculation was performed with values for the shell thickness t ϭ 2.4 nm (2.1 nm) and average radius Raverage ϭ 11.9 nm (13.55 nm) for the T ϭ 3 (T ϭ 4) particles (12) . The radii are taken without the spikes because these are assumed not to contribute significantly to the overall mechanical properties of the contiguous shells. Similarly, although the holes make up Ϸ16% of the capsid surface (12), we approximated the capsids as closed hollow spheres.
